The aminopeptidase from Aeromonas proteolytica (AAP) was titrated with copper, which bound sequentially at two distinct sites. Both the mono-and disubstituted forms of AAP exhibited catalytic hyperactivity relative to the native dizinc enzyme. Monosubstituted AAP exhibited an axial Cu(II) EPR spectrum with slight pH dependence: at pH 6.0 g|| = 2.249, g⊥ = 2.055, and A||(
, whereas at pH 9.65 g|| = 2.245, g⊥ = 2.056, and A||( 63/65 Cu) = 1.77 × 10 -2 cm -1 . These data indicate oxygen and nitrogen ligation of Cu. AAP further substituted with copper exhibited a complex signal with features around g ∼ 2 and 4. The features at g ∼ 4 were relatively weak in the B0 ⊥ B1 (perpendicular) mode EPR spectrum but were intense in the B0 || B1 (parallel) mode spectrum. The g ∼ 2 region of the perpendicular mode spectrum exhibited two components, one corresponding to mononuclear Cu(II) with g|| = 2.218, g⊥ = 2.023, and A||( 63/65 Cu) = 1.55 × 10 -2 cm -1 and likely due to adventitious binding of Cu(II) to a site distant from the active site. Excellent simulations were obtained for the second component of the spectrum assuming that two Cu(II) ions experience dipolar coupling corresponding to an inter-copper distance of 5 Å with the two Cu(II) gz directions parallel to each other and at an angle of ∼17° to the inter-copper vector (ℋ = βB·gCuA·SCuA + βB·gCuB·SCuB + [S·A·I]CuA + [S·A·I]CuB +
Introduction
The leucine aminopeptidase from Aeromonas proteolytica (AAP) is a member of a class of metallohydrolases that requires two divalent metal ion cofactors for catalytic activity. This family of enzymes includes peptidases, nucleases, esterases, and phosphatases, which catalyze the degradation of many key biomolecules such as polypeptides, nucleic acids, antibiotics, and phospholipids. [1] [2] [3] [4] As a result, they play important roles in tissue repair, protein maturation, hormone level regulation, and cell-cycle control. The importance of understanding the mechanism of action of aminopeptidases is underscored by the recent observation that the naturally occurring peptide analogue inhibitor, bestatin, was shown to significantly decrease HIV viral load in men by inhibiting leucine aminopeptidase activity. 5 Recently, the eukaryotic methionyl aminopeptidase (MetAP) was identified as the molecular target for the anti-angiogenesis drugs ovalicin and fumagillin. [6] [7] [8] [9] [10] The inhibition of aminopeptidase activity in viruses and at malignant tumors is critically important in preventing the growth and proliferation of these types of cells and for this reason has become the subject of intense efforts in inhibitor design.
AAP has been one of the most intensively studied metalloaminopeptidases because it possesses ideal properties for probing hydrolytic reactions catalyzed by dinuclear metal centers. AAP is excreted extracellularly by the bacterium A. proteolytica and is readily purified as a remarkably thermostable 32 kDa monomer containing a (μ-aquo)(μ-carboxylato) dizinc(II) core. The native Zn(II) ions can be replaced with other metal ions, some of which give highly active forms of the enzyme. 11, 12 The addition of 1 mol equiv of Co(II), Cu(II), or Ni(II) furnishes the monosubstituted enzyme forms ([Co_(AAP)], [Cu_(AAP)], and [Ni_(AAP)]) that, when compared to the native dizinc enzyme ([ZnZn(AAP)]), exhibit 5-, 10-, and 10-fold hyperactivity, respectively, with the substrate L-alanine-p-nitroanilide (Ala-p-NA). Further addition of divalent metal ions to form nominally disubstituted species [CoCo(AAP)], [CuCu(AAP)], and [NiNi(AAP)] yields little further increase in activity, although electronic absorption spectrophotometry clearly indicates metal binding into a second site. 11 However, addition of Zn(II) to the monosubstituted species furnishes the heterodimetallic species [CoZn(AAP)], [CuZn(AAP)], and [NiZn(AAP)], which are 3-, 40-, and 60-fold hyperactive, respectively. That the metal ions can be sequentially replaced to yield specific heterodimetallic forms of the enzyme has proved extremely useful in mechanistic studies probing the roles of the individual metal ions. [13] [14] [15] [16] The identity of the native metal ion in MetAPs is less clear, but the evidence is mounting toward MetAPs being Fe(II)-dependent metallohydrolases. 17 Fully active forms of MetAP from Escherichia coli, EcMetAP, can be prepared that contain 1 M equiv of Co(II) or Fe(II), and partial activity (30%) can be obtained with 2 equiv of Mn(II). A second Co(II) or Fe(II) is only weakly bound and has no effect on activity; therefore, it appears that only the more tightly bound Co(II) or Fe(II), which binds to the only active site histidine residue, is required for catalysis. 17 The addition of 1 or more equiv of either Cu(II), Zn(II), or Cd(II) to apo-EcMetAP provides inactive enzyme.
The mechanisms of action of the metalloaminopeptidases, particularly AAP and the related mammalian bovine lens leucine aminopeptidase, have become clearer in recent years with the application of structural 10, 15, 16, [18] [19] [20] [21] [22] [23] [24] [25] and spectroscopic 13, 14, 17, [26] [27] [28] [29] [30] techniques in addition to kinetic studies. 11, 12, [31] [32] [33] [34] In AAP, inhibitorbinding studies 15, 23 indicate that the first binding metal ion is the hydrolytic ion, whereas a likely role of the second metal ion is to stabilize the transition state in catalysis. Electron paramagnetic resonance (EPR) and nuclear magnetic resonance (NMR) spectroscopic studies also indicate that the two metal ions, when paramagnetic, are spin-coupled and thus suggest a further role for the second metal ion in modulating the electronic properties of the first metal ion binding site. 13, 14, 26, 27 However, it is not clear from studies to date what the The presence of a dinuclear metal binding motif in MetAPs is misleading. EcMetAP binds only one metal ion tightly, with binding constants of around 0.25 μM for Fe(II) and Co(II), while the binding constant for a second metal ion is >2 mM. 17 Furthermore, the presence of a second equiv of Co or Fe has no effect on the kinetic parameters of the enzyme. Although the metal ions in [CoCo(EcMetAP)] have been shown to be bridged by a bis(μ-carboxylato)(μ-aquo/hydroxo) structure, only about 5% of the molecules exhibit spin−spin coupling of the Co(II) ions and then only at pH values >9.6 where the enzyme is inactive.
18, 35 Similarly, no spin−spin interaction in [FeFe(MetAP)] could be detected by EPR spectroscopy. This is in marked contrast to the EPR-observable spin−spin coupling of the μ-carboxylato-μ-aquo/hydroxo-bridged Co(II) ions in [CoCo(AAP)] and to the NMR-detected 50 cm -1 exchange interaction in [CuCu(AAP)]. 26, 27 Thus, despite the close structural similarity of the metal-binding active sites in MetAPs and AAP, the electronic structures and catalytic properties of the sites differ markedly.
In an effort to gain insight into the structure and function of the Cu(II)-substituted AAP and EcMetAP enzymes, we have examined the electronic properties of these unusual hydrolytic centers by electronic absorption and EPR spectroscopies. To our knowledge, AAP is one of only a few Zn(II) enzymes that can be fully activated, let alone hyperactivated, by Cu(II). This unusual catalytic behavior has gone essentially unexplored. Cu(II) has many advantages as a structural probe: Cu(II) is a sensitive EPR probe and gives an EPR spectrum consisting of narrow, and therefore intense, lines. The distinctive I = 3/2 63/65 Cu hyperfine splittings (hfs), which are sensitive to geometry and ligand atom types, are clearly resolved, and ligand superhyperfine splittings (shfs) can also sometimes be observed. The EPR spectra of dinuclear copper systems are exquisitely sensitive to dipolar coupling and, thus, to the inter-copper distance, which can be directly determined through computer simulation of EPR spectra. While the spectra are relatively insensitive to the isotropic exchange coupling, the sign of the coupling can be inferred from the temperature dependence of the signals. 
Materials and Methods
Protein Expression and Purification. All chemicals used were purchased commercially and were of the highest quality available. AAP was purified from a stock kindly provided by Prof. Céline Schalk. Cultures were grown according to published procedure 36 with minor modifications to growth media as described earlier. 37 The enzyme was purified, quantified, and assayed as described in detail in earlier work. 13, 26 Recombinant EcMetAP was expressed and purified as previously described from a stock culture kindly provided by Drs. Brian W. Matthews and W. Todd Lowther.
9,38 Purified EcMetAP exhibited a single band on SDS−PAGE and a single symmetrical peak in matrixassisted laser desorption ionization-time of flight (MALDI-TOF) mass spectrometric analysis indicating Mr = 29 630 ± 10. Protein concentrations were estimated from the absorbance at 280 nm using an extinction coefficient of 16 500 M -1 cm -1 .
9,38
Metal Substitution. EcMetAP was isolated as the apo-form of the enzyme. Apo-EcMetAP samples were exchanged into 25 mM Hepes, pH 7.5, containing 150 mM KCl (Centricon-10, Millipore Corp.). Apo-EcMetAP samples were incubated anaerobically with CuCl2 for 30 min as previously reported. 38 AAP was rendered metal-free by exhaustive dialysis with 1,10-phenanthroline followed by dialysis against Chelex-treated buffer. Substitution of 0.5−1.0 mM samples of AAP with Cu(II) was affected by incubation with CuCl2.
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Spectroscopic Measurements. All electronic absorption spectra were recorded on a Hewlett-Packard 8453 spectrophotometer inside a Coy anaerobic chamber. Samples were placed in a 200-μL, 1-cm path-length microcuvette (QS, Hellma). The absorption spectra of apo-AAP and apo-EcMetAP were subtracted from the corresponding spectra of all metal-substituted samples using Igor Pro (v. 4, Wavemetrics, Inc.). Enzyme concentrations were typically 1 mM. EPR spectra were recorded using 100 kHz field modulation on a Bruker ESP-300E spectrometer equipped with an ER 4116 DM dual-mode Xband resonant cavity operating at either ∼9.65 (B1 ⊥ B0) or ∼9.40 GHz (B1 || B0). Spectra were recorded at between 4 and 70 K, using an Oxford Instruments ESR-900 helium flow cryostat, and aligned to a magnetic field corresponding to 9.6000 GHz for computer simulation. Spectra recorded at between 293 and 302 K were recorded either using the Bruker instrument configured as described but with no helium flow or else using a Varian E109E spectrometer equipped with a loop−gap resonator; for both spectrometers, samples were prepared in 0.6 mm i.d. glass capillaries (VitroCom, Mountain Lakes, NJ). To facilitate recording spectra in capillaries at both ambient and cryogenic temperatures using the ER 4116 DM cavity, capillaries were mounted inside 3 mm diameter EPR tubes. Ethanol surrounded the capillary to facilitate thermal contact between the sample and the outside of the 3-mm EPR tube during low temperature operation. Simulations of [CuCu(AAP)] were carried out using the program Xsophe (Bruker). 39 Xsophe simulations were calculated using matrix diagonalization. The spin Hamiltonian used was ℋ = βB·gCuA·SCuA + βB·gCuB·SCuB + [S·A·I]CuA + [S·A·I]CuB + SCuA·J·SCuB, where CuA and CuB denote the two copper ions. Note that the term SCuA·J·SCuB contains both the isotropic (exchange, Jisotropic) and anisotropic (dipolar) spin−spin coupling components and is calculated from values of Jisotropic, the intercopper distance (r), and the angles describing the relative orientations of the two g tensors and the inter-copper vector. g-Values obtained via computer simulations were estimated to be ±0.001 for mononuclear species and ±0.003 for dinuclear species. Hyperfine coupling constants were estimated to be ±1.5 × 10 -4 cm -1 for mononuclear species and ±5 × 10 -4 cm -1 for dinuclear species. , and an uncharacterized minor component. The parameters of the major species are almost indistinguishable from those of the pH 6.0 spectrum, and the main difference in appearance between the spectra at pH 6.0 and that at pH 9.65 is entirely a consequence of narrower line widths of the high pH spectrum, in which the overshoot line is resolved. 40 Upon the addition of 2 or more equiv of Cu(II) to apo-AAP, followed by dialysis, the observed EPR spectra changed dramatically ( Figure 3 ). However, the resulting spectra at both pH 6.0 and pH 9.65 are clearly very similar to each other. With B1 ⊥ B0, the spectra ( Figure 3 , traces A and C) show an intense signal in the g ∼ 2 region attributed to a Cu−Cu dimer superimposed on a signal because of monomeric Cu. Close examination of the spectra in Figure 3 , traces A and C also reveals a broad feature at 256 mT assigned to the g|| component of the signal because of the Cu−Cu dimer and avery weak half-field transition around 160 mT. The 160 mT features are shown expanded ( Figure 3 , traces E and G) and exhibit a well-resolved seven-line hfs pattern. The spectra recorded with B1 || B0 ( Figure 3 , traces B, D, F, and H) contain contributions from the same features observed with B1 ⊥ B0. However, with B1 || B0, the half-field features at 160 mT were 70 times more intense relative to the features at 298, 336, and 362 mT and, thus, confirm their assignment to an S = 1 system. [41] [42] [43] [44] The temperature dependencies of the signals were studied, and the data for the high pH B1 ⊥ B0 signal in the g ∼ 2 region at 298 mT and for the B1 || B0 signal at 160 mT are presented in Figure 4 . Both signals in their respective modes clearly exhibit good agreement with Curie law behavior. In addition, the forms of the signals were invariant in the range 4−45 K at nonsaturating power (note that the spectra of Computer simulations of the B1 ⊥ B0 signals from [CuCu(AAP)] are shown in Figure 5 . Figure 5A shows a region of the spectrum of Figure 3C with the low-field region multiplied by nine and shown above the main trace. Trace 5B is a computer simulation of trace 5A obtained by the addition of the two simulations of traces 5C and 5D. Trace 5C is a computer simulation assuming a dinuclear copper site with the following spin Hamiltonian:
Results

Electronic
The parameters used, given in the legend to Figure 5 , correspond to two essentially indistinguishable copper ions with collinear g tensors with g|| = 2.218 ± 0.003 and g⊥ = 2.060 ± 0.003, separated by ∼5 Å and with an angle of ∼17° between the inter-copper coupling vector and the gz directions. 
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multiplied by a factor of 9 above the main trace. Trace C is an Xsophe simulation assuming a dinuclear copper system, using the spin Hamiltonian and associated parameters ℋ = βB·gCuA·SCuA + βB·gCuB·SCuB + The simulations, in particular the separation between the two g⊥ features at 298 and 362 mT, were very sensitive to rCuA-CuB, and the effect of varying r upon the simulation is illustrated in traces A−G of Figure 6 . While it is clear from Figure 6 that anisotropic couplings corresponding to values of r differing by 0.25 Å are very easily resolved, the correspondence between r and |D|, the zero-field splitting due to the anisotropic interaction, holds only in situations for which the dipolar approximation is valid (i.e., when the anisotropic exchange coupling is negligible). The anisotropic exchange coupling and the dipolar interaction cannot normally be distinguished by studies on frozen solutions, and single-crystal EPR or calculation from a molecular orbital perspective is necessary. However, for those systems analyzed, it does appear to be the case that the anisotropic exchange coupling is small as compared to the dipolar interaction for coupled copper systems 45, 46 except where the copper ions are very strongly bridged by single atoms such as in some Cu2(N3 -)2 complexes. 47 In the latter examples |D| is typically much larger than observed in the present study; for the complex [Cu2(4-terbutylpyridine)4(N3)2] 2+ , |D| = 0.43 cm -1 and a rhombic distortion of |E| = 0.026 cm -1 could be determined, 47 whereas for AAP in the present study |D| = 0.016 cm -1 . Thus, we can be reasonably confident, on the basis of the small |D| and from comparison with reduced copper-substituted bacterial photosynthetic reaction centers (|D| = 0.007 cm -1 , |E| ∼ 0), 46 that the anisotropic exchange coupling will be small as compared to the dipolar interaction. Nevertheless, in the absence of any quantitative estimates or limits for the anisotropic exchange coupling, the precision of our distance estimates must be considered to be significantly lower than that suggested by the value (4.93 Å) used to obtain optimum simulations, and we prefer to quote the EPR-derived distance estimate for [CuCu(AAP)] in Mes and Ches buffers as being 5 Å. We sought to American Chemical Society and permission has been granted for this version to appear in e-Publications@Marquette. American Chemical Society does not grant permission for this article to be further copied/distributed or hosted elsewhere without the express permission from American Chemical Society.
14 strengthen this distance assignment, and an alternative method of estimating the distance between two spin-coupled S = 1/2 systems, particularly useful at longer distances where the g ∼ 2 region is complicated by overlapping transitions, is by measurement of the intensity of the half-field transition; this method has been successfully applied to Cu(II)−Cu(II) and Cu(II)−nitroxide species. 41 From Figure (Figure 5F ) of the half-field transition ( Figure 5E ) does not perfectly reproduce the experimental spectrum, the resonance positions are correct, and the discrepancies are likely due to the limited set of orientational parameters that were allowed to vary. The simulations were sensitive to g values insofar as the positions of the broad feature at 258 mT and the midpoint between the sharp features at 298 and 362 mT were dependent on the average values (g||(CuA) + g||(CuB))/2 and (g⊥(CuA) + g⊥(CuB))/2, respectively.
A||(
63/65 Cu) was refined by matching the third derivative of the calculated absorption spectrum ( Figure 5H ) to the low-field g|| feature in the ∂ 3 χ' '/∂H 3 experimental spectrum ( Figure 5G ).
The simulations were also sensitive to the orientation of the inter-copper vector with respect to the assumedly mutual gz directions, and calculated spectra for the range χ = 90° to χ = 0 are shown as traces N−S of Figure 6 . The best fit was obtained assuming χ = 17°, although the slight intensity discrepancies between the experimental and the simulated spectra of the half-field transition suggest that slight deviations from collinearity of the g tensors may also be present. The magnitude of the exchange interaction, Jisotropic = 50 cm -1 , was assumed from an earlier NMR study; 27 the precision of the value of Jisotropic obtained by NMR was low, but in fact, EPR simulations were extremely insensitive to Jisotropic except for the cases where J was comparable with the Zeeman term ( Figure 6 ). Examples of the effects of such low values for the isotropic interaction are shown as traces J−M of Figure 6 . At higher values of J (≥0.5 cm -1 ; see Figure 6 , traces H and I) the calculated spectra became insensitive to Jisotropic. The component of the spectrum of [CuCu(AAP)] that was not accounted for by the dinuclear species was determined by computer simulation to be due to mononuclear Cu(II), and trace 5D is a simulation assuming an isolated Cu(II) ion with g|| = 2.218, g⊥ = 2.023, and A||( 63/65 Cu) = 1.55 × 10 -2 cm -1 . These parameters indicate Cu binding in a site other than the site occupied in [Cu_(AAP)] and suggest a third binding site distant from the active site and likely adventitious. That this species is not due to a heterodimetallic copper−zinc form of the enzyme was clear from activity measurements, and the EPR parameters of this mononuclear species are distinguishable from those of [Cu_(AAP)]. The sum ( Figure  5B ) of the two simulations clearly gives a good fit to the experimental data ( Figure 5A ). Figure 7G ) clearly indicates Cu(II) present as a low molecular weight species in rapid motion (τc ∼ 60 ps) and therefore likely bound by Tris rather than by AAP. In frozen solution, a powder spectrum is observed ( Figure 7H ). However, this spectrum differs from that of Cu(II) in Tris in the absence of any AAP ( Figure  7I ). The EPR spectrum of Figure 7I indicates some aggregation of Cu(II) in the absence of AAP and suggests a role of perhaps weak adventitous binding of Cu(II) to surface residues of AAP in preventing Cu aggregation. At ambient temperature, however, it is clear that the excess Cu(II) spends the majority of the time dissociated from AAP. Figure 5 and is shown for comparison. Spectrum K is from the same sample as for spectra C and D shown here. Spectra A, C, E, and G were recorded at 295 ± 3 K and 10 mW microwave power. Spectra B, D, F, H, I, and K were recorded at 12 K and 1.0 mW microwave power. All spectra were recorded using a Bruker ER 4116 DM cavity containing a quartz dewar insert and with the sample capillary mounted inside a 3 mm diameter EPR tube containing 100 μL of ethanol to facilitate thermal contact at low temperature. Spectra were recorded with 0.5 mT field modulation amplitude.
EPR Studies on Cu(II)-Substituted EcMetAP.
In contrast to AAP, when Cu(II) was added to EcMetAP, only mononuclear Cu species were observed. The spectra in 150 mM KCl and 50 mM Mops, pH 6.8, and 150 mM KCl and 50 mM Caps, pH 10.1 (Figure 2 , traces C and D, respectively), are each due to a single species. Good simulations could not be obtained using an axial g tensor, and instead, simulations suggested that at pH 6.8 the spectrum exhibited a very small rhombicity with gz = 2.250 ± 0.001, gy = 2.062 ± 0.001, gx = 2.050 ± 0.001, and Az( 63/65 Cu) = 1.77 × 10 -2 cm -1 ± 1.5 × 10 -4 cm -1 . Also in contrast to AAP, the signals from EcMetAP were highly pH dependent, and a markedly different set of parameters for the high pH spectrum ( Figure 2D) When EcMetAP was incubated with excess Cu(II) and then exchanged into Cu-free buffer, ICP−AES metal analysis indicated only one Cu atom per EcMetAP enzyme molecule. The gx,y region of the low pH spectrum exhibited some resolved structure with an apparent splitting of 1.3 mT. However, fine structure in the gx,y region can be complicated by slight rhombicity and/or the presence of overshoot lines. Because the origin of the gx,y region structure could not be determined at X-band, S-band spectra of [Cu_(EcMetAP)] were recorded and are shown in Figure 8 . At S-band, small rhombicities collapse, and the structure in the gx,y region was considerably simplified. Four lines are discernible in the g⊥ region at S-band ( Figure  8A ) that are further resolved in the ∂ 2 χ' '/∂H 2 spectrum ( Figure 8B ). The ∂ 2 χ' '/∂H 2 spectrum also appears to contain fine structure with an apparent splitting of 1.1 mT in the region 113−118 mT. This structure may constitute evidence for nitrogen ligation of the copper ion, although further work with 15 N/ 63 Cu-labeled EcMetAP is needed to unambiguously assign the fine structure. 
Discussion
Inspection of the observed electronic absorption spectra of [CuCu(AAP)] at pH 7.5 in the 500−900 nm range reveals a single, broad absorption that is characteristic of Cu(II) d→d transitions (a1g→b1g). These data are typical of tetragonally distorted Cu(II) centers found in type-2 copper proteins. 48, 49 The position of this band for both [Cu_(AAP)] and [CuCu(AAP)] suggests a trigonal bipyramidal (TBP) geometry for each of the Cu(II) ions, although as the ligand field around the Cu(II) ions is determined by both the ligand types and the coordination geometry, the latter cannot be unambiguously determined from the energy of the maximum of the envelope of the d→d transitions. 50 Upon raising the pH to 9.65 for [CuCu(AAP)], the position of the single absorption band changes by only 30 nm, from 760 to 730 nm, indicating that the geometries of the Cu(II) centers in AAP are essentially pH independent. This latter conclusion is supported by the EPR spectra, which exhibit very similar parameters at both pH values. However, the EPR spectra have g|| > g⊥ and thus indicate substantial dx2-y2 character of the orbital in which the paramagnetic electron resides. These data therefore indicate square pyramidal (SP)-based geometry for the Cu(II) ions, and the electronic absorption data American Chemical Society and permission has been granted for this version to appear in e-Publications@Marquette. American Chemical Society does not grant permission for this article to be further copied/distributed or hosted elsewhere without the express permission from American Chemical Society.
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are perhaps best interpreted as being due to significant distortion of a nominally SP geometry to a geometry intermediate between SP and TBP. It may be relevant that, at high pH, the Co(II) ions in various Co(II)-substituted forms of AAP are also in highly distorted and tightly constrained geometries, as shown by the large rhombic distortion of the axial zero-field splitting and the well-resolved 59 Co hyperfine structure, respectively. 13, 14 The possibility that the apparently contradictory data from EPR and electronic absorption studies was due to the Cu(II) ions adopting different geometries in the fluid and frozen states of the solution was investigated. EPR signals from [Cu_(AAP)] and [CuCu(AAP)] obtained at room temperature and at 10 K were indistinguishable and clearly indicate that the geometries of the Cu(II) ions are temperature independent.
The Cu(II) center in [Cu_(EcMetAP)] exhibits an electronic absorption λmax at 560 nm suggesting that the Cu(II) ion in EcMetAP is best described as a distorted SP and the EPR spectrum is entirely consistent with this description. Increasing the pH of the [Cu_(EcMetAP)] results in a small shift in the λmax value from 560 to 520 nm, indicating that the Cu(II) center in EcMetAP also remains SP at high pH values.
Additional electronic information about the Cu(II)-substituted forms of AAP and EcMetAP were obtained from their EPR spectra. By comparison of the EPR parameters of [Cu_(AAP)] with those of model compounds and other copper-containing proteins, nitrogen coordination can be inferred despite the absence of resolvable 14 N shfs in the EPR spectra. 51 Indeed, the parameters are closest to those of the type-2 Cu(II) ions in laccase from Rhus vernicifera and ascorbate oxidase from Cucumus sativus, suggesting mixed histidine−nitrogen and carboxylate−oxygen coordination in AAP. [52] [53] [54] While these data support the binding of Cu(II) to the active site residue His256, 15 the lack of resolvable I = 1 14 N shfs in the g|| region of the spectrum suggests that perhaps a second peptide nitrogen atom is bound to Cu in [Cu_(AAP)]. The g-and A-values are very similar at pH 6.0 and pH 9.65, and thus, it appears highly unlikely that any major structural or geometric rearrangement occurs over the pH range 6.0−9.65 consistent with the electronic absorption data. Therefore, the EPR spectra suggest binding of Cu(II) to an oxygen-and histidine nitrogen-containing site. The appearance of catalytic activity further suggests that Cu(II) is bound into the histidine and carboxylate site corresponding to that of Zn1 in the native enzyme. 27 The Curie law temperature dependence of both the 1 H NMR and the EPR spectra of [CuCu(AAP)] clearly indicates that the coupling is ferromagnetic, a finding that is inconsistent with a single Cu−μOH(H)−Cu moiety. The EPR spin Hamiltonian parameters for the dinuclear system at pH 9.65 were indistinguishable from those at pH 6.0 and indicate that the dipolar coupling between the two Cu(II) centers does not change as a function of pH. In contrast, the magnetic coupling between the μOH(H)-bridged metal ions in [CoCo(AAP)] is strongly pH dependent because of ionization of the bridging moiety. These data are entirely consistent with the EPR-determined inter-copper distance of 5 Å in [CuCu(AAP)] and are inconsistent with a μOH or μoxo moiety, which would require a considerably shorter distance.
A combination of the EPR data presented herein with the previously reported 27 1 H NMR data for [CuCu(AAP)] provides insight into the structural motif of the [CuCu(AAP)] active site. The M−M distance in [CuCu(AAP)] has been found in the present study to be 5 Å, as compared to 3.5 Å for [ZnZn(AAP)]. This Cu−Cu separation is much longer that those found in model complexes that contain doubly bridged and single atom bridged dicopper(II) centers (2.9−4.2 Å). [57] [58] [59] [60] [61] For example, the Cu−μO−Cu core of the AAP active site model compound Na[Cu2(CH3HXTA)(Py)2] (HXTA = N,N'-(2-hydroxy-5 methyl-1,3-xylylene)bis(N-carboxymethyl)glycine) exhibits an intercopper distance of 3.53 Å. 62 On the other hand, the Cu−Cu distance is significantly shorter than nonbridged Cu(II) centers (5.8 Å). 48 Interestingly, for synthetic model complexes with single carboxylate bridges, M−M distances are routinely observed in the 4−5.5 Å range. Therefore, the 5 Å Cu−Cu distance determined for [CuCu(AAP)] provides good evidence that there is no single atom bridge between the two Cu(II) ions but, rather, a bridging carboxylate, probably Asp117 (Chart 1). The EPR spectrum of Cu(II)-loaded EcMetAP, unlike [CuCu(AAP)], indicates that only one Cu(II) ion is present in the active site even in the presence of excess Cu(II). This is consistent with kinetic and spectroscopic data for EcMetAP that suggest that the enzyme only binds one divalent metal ion under physiological conditions. 17, 63 The electronic absorption spectra are consistent with a mononuclear Cu(II) ion residing in a SP environment. Mechanistic Implications and Conclusions. The combination of X-ray crystallographic, kinetic, and spectroscopic data for AAP has American Chemical Society and permission has been granted for this version to appear in e-Publications@Marquette. American Chemical Society does not grant permission for this article to be further copied/distributed or hosted elsewhere without the express permission from American Chemical Society.
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allowed a detailed mechanism to be proposed for the native Zn(II) enzyme, which appears to function in an identical manner to the Co(II)-substituted enzyme. 16 However, the fact that AAP is hyperactive upon the addition of Cu(II) alone or in combination with Zn(II) toward Ala-p-NA but not Leu-p-NA is not well-understood. Inspection of the previously reported kinetic data for [ZnZn(AAP)], [CuCu(AAP)], [CuZn(AAP)], and [ZnCu(AAP)] toward both Ala-p-NA and Leu-p-NA (Table 1) provides some mechanistic insight into the altered substrate specificity of Cu(II)-substituted AAP in light of the structural data reported herein.
According to the recently proposed mechanism for AAP, substrate binding to the hydrophobic pocket adjacent to the dinuclear active site is the first step in catalysis. 28 When Leu-p-NA binds to the hydrophobic pocket of [CuCu(AAP)], the substrate is likely not positioned properly for catalytic turnover, so the first-order rate constant (kcat/Km) decreases over 10-fold as compared to [ZnZn(AAP)] (Table 1) . A possible explanation for this observation is that the nucleophilic hydroxide moiety is not in the proper position to attack the scissile carbonyl carbon of the substrate. This may simply be the result of an SP-based geometry for Cu(II) bound in the first site versus a Td geometry if Zn1 were bound instead. Other factors might include the change in Lewis acidity of Cu(II) versus Zn(II), the lack of participation of the second metal ion in activating the bridging water molecule to a hydroxide, the stabilization of the transition state because of the long Cu−Cu distance (5 Å), and/or the lack of a bridging water/hydroxide. Participation of the second metal ion in the catalytic mechanism is clearly based on the observed 2-fold increase in kcat/Km for [CuZn(AAP)] (Table 1) . Interestingly, when Zn(II) is in the first site and Cu(II) is in the second, the resulting AAP enzyme is equally as active as [ZnZn(AAP)]. The geometry for the first metal binding site is Td so that the substrate and the nucleophile are positioned correctly and that the Lewis acidity is also correct. Since AAP is ∼80% active when only a single Zn(II) is present, the Cu(II) ion in [MCu(AAP)] appears to play little or no catalytic role.
Further insight into the catalytic mechanism of Cu(II)-substituted AAP can be gleaned from the alternate substrate Ala-p-NA. Again, the first interaction between the substrate and the enzyme is alanine binding to the hydrophobic pocket; 28 however, the methyl group of Ala likely allows more flexibility in the substrate-binding mode as compared to the isopropyl group of Leu. This less rigid substratebinding mode likely facilitates the proper orientation of the substrate with regard to the nucleophile, allowing hydrolysis to occur. The distorted geometry of Cu(II) must be adventitious for the hydrolysis of Ala-p-NA versus the tetrahedral geometry for Zn(II) since kcat/Km increases nearly 9-fold. Participation of the second metal ion in the catalytic process is obvious from the nearly 17- These data, coupled with the fact that AAP can be activated by every first row transition metal ion from Co(II) to Zn(II), suggest that the Lewis acidity of the metal ion bound in the active site of AAP is less important than the coordination geometry that the hydrolytic metal ion, M1, adopts. This finding also provides insight into why [Cu_(EcMetAP)] is inactive. The active site Co(II) or Fe(II) enzymes adopt TBP geometry, but Cu(II) prefers an SP configuration. SP geometry probably does not allow the correct orientation of the nucleophile and the substrate in [M_(EcMetAP)]. The geometrical importance of the catalytic metal ion in AAP and EcMetAP is likely widely applicable to hydrolytic metalloenzymes with both mono-and dinuclear active sites. The fact that the vast majority of these enzymes are active with a wide range of divalent first row transition metals suggests that Lewis acidity is not a strong determinant of activity. In contrast, the geometry that the active site metal ion adopts appears to be very important. Thus, metal ion geometry is critical for the activated substrate and for the nucleophile to be positioned correctly for catalytic turnover to occur.
